Introduction
It has become clear that the genetic composition of a host partly determines the specificity and intensity of autoimmune disease. Genetic factors including MHC and non-MHC genes have been shown to be involved in determining susceptibility or tolerance to autoimmunity in experimental autoimmune encephalomyelitis (EAE) and type 1 diabetes in NOD mice, the mouse models of multiple sclerosis and juvenile diabetes, respectively (1) (2) (3) (4) . Tolerance to autoimmune disease can be achieved by a variety of reported mechanisms. Negative selection of self-reactive T cells in the thymus deletes most but not all T cells with specificity against self antigens, thereby reducing the size and affinity of the autoreactive T cell repertoire (5) . Some autoreactive T cells escape thymic deletion and can be found in the periphery, where they are normally kept under check by mechanisms of peripheral tolerance. The mechanisms responsible for peripheral T cell tolerance include "ignorance" of self antigens, anergy or unresponsiveness to autoantigen, cytokine immune deviation, and activation-induced cell death of self-reactive T cells (6) . In addition, regulatory T cells have been shown to be involved in mediating peripheral tolerance (7) .
B10.S mice share the same MHC with SJL mice but are relatively resistant to the induction of EAE by immunization with different myelin antigens, including myelin basic protein (MBP) and proteolipid protein (PLP) peptide 139-151 (8) (9) . The relative resistance of B10.S mice to MBP-induced EAE has been associated at least partly with a lack of development of encephalitogenic Th1 cells and lack of production of proinflammatory cytokines (IFN-γ) by T cells (10) .
We have recently generated transgenic mice that express the rearranged T cell receptor (TCR) genes from a PLP139-151-specific CD4 + T cell clone (5B6), which develop fulminant spontaneous EAE on the EAE-susceptible SJL background (11) . To examine mechanisms that may be responsible for self tolerance in autoimmune resistant mice, we have crossed the PLP TCR transgenic mice onto the B10.S background. This approach allowed us to study the development of PLP139-151-specific T cells in autoimmune-resistant B10.S mice, in contrast to previous studies in nontransgenic mice in which specific T cells could be generated only after antigen immunizations.
Whereas 5B6 TCR transgenic SJL mice readily develop EAE spontaneously, in this report we show that 5B6 TCR transgenic mice on the EAE-resistant B10.S strain rarely develop spontaneous EAE. The transgenic T cells from these mice are not deleted in the thymus or the periphery and are fully functional when activated by antigen in vitro. However, in comparison with cells from the EAE-susceptible SJL strain, antigen-presenting cells (APCs) from B10.S mice show lower expression of MHC class II molecules and stimulate 5B6 transgenic T cells less efficiently in vitro. Furthermore, activation of APCs via the innate immune receptor TLR9 or TLR4 breaks self tolerance and results in the induction of EAE in 5B6 transgenic mice on the EAE-resistant B10.S background. These data suggest a critical role for APCs in maintaining self tolerance and in genetic susceptibility to EAE.
Methods
Mice. 5B6 transgenic mice specific for myelin PLP139-151 were generated and characterized as previously described (11) . The transgenic founder line 1858 was backcrossed for at least five generations onto B10.S mice (McLaughlin Research Inst., Great Falls, Montana, USA).
We describe the generation of mice that express a transgenic T cell receptor (TCR) (5B6) specific for the encephalitogenic myelin proteolipid protein (PLP) peptide 139-151, on the experimental autoimmune encephalomyelitis-resistant (EAE-resistant) B10.S background. Despite harboring a high frequency of selfreactive T cells, 5B6 transgenic mice on the B10.S background rarely develop spontaneous EAE, which is in striking contrast to 5B6 transgenic mice on the EAE-susceptible SJL background. The relative resistance to spontaneous EAE in transgenic B10.S mice is not due to deletion or anergy of T cells, but appears to be controlled by APCs. Analysis of APCs revealed a lower activation state and a lower T cell-activating capacity for APCs from B10.S mice than for those from EAE-susceptible SJL mice. When APCs in 5B6 transgenic B10.S mice were activated, for example, via TLR9 or TLR4, T cell tolerance was broken, resulting in EAE. Our findings demonstrate that activation of APCs via innate immune receptors can break self tolerance and trigger the development of autoimmunity even in a genetically resistant strain. These findings suggest that the development of autoimmune diseases such as multiple sclerosis is determined at least partly by the endogenous activation state of APCs.
Recombination-activating gene 2-deficient (RAG-2 -/-) B10.S mice were generated by backcrossing of the RAG-2 deficiency onto the B10.S strain for ten generations and were maintained by intercrosses in our facility. 5B6 transgenic RAG-2 -/-mice were obtained by crossing of 5B6 transgenic B10.S mice with RAG-2 -/-B10.S mice and intercrosses of transgenic litters. Mice were housed at the Harvard Institutes of Medicine specific pathogen-free/viral antibody-free (SPF/VAF) animal facility in accordance with the guidelines of Harvard Medical School. Female mice were used at 6-12 weeks of age except for the induction of EAE with LPS, for which equal numbers of female and male mice were used.
Flow cytometry. Single-cell suspensions of spleens and thymi were prepared by straining of the tissues through cell strainers. Red blood cells were lysed by hypotonic shock. Thymocytes or spleen cells (1 × 10 6 /sample) were washed in 50 µl flow cytometry buffer (PBS, 0.1% NaN 3 , and 1% FCS) and stained with FITC-conjugated or phycoerythrin-conjugated (PE-conjugated) antibodies for 20-30 minutes at 4°C. Cells were subsequently washed twice in flow cytometry buffer before they were analyzed on a FACS model flow cytometer (BD Biosciences, San Jose, California, USA). At least 30,000 live cells per sample were analyzed. Dead cells were excluded by gating on characteristic forward-and side-scatter profiles. Antibodies conjugated to the indicated fluorochromes were purchased from PharMingen (San Diego, California, USA) unless noted otherwise and included anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-TCR Vβ6 (RR4-7), anti-CD11b (M1/70), anti-CD11c (HL3), anti-CD19 (1D3), anti-CD86 (GL1), anti-F4/80 (A3-1; Serotec, Raleigh, North Carolina, USA), and biotinylated anti I-A q (KH116; cross-reacts with I-A s ).
Peptide antigens. The following peptide antigens were used: PLP139-151 (HSLGKWLGHPDKF) and PLP178-191 (NTWTTC-QSIAFPSK). The peptides were synthesized by Quality Controlled Biochemicals (Hopkinton, Massachusetts, USA) and were more than 90% pure as determined by HPLC.
Oligodeoxynucleotides (ODNs). The following ODNs were purchased from Operon Technologies (Almeda, California, USA): CpG ODN 1760 (5′-ATAATCGACGTTCAAGCAAG-3′) and non-CpG ODN 1908 (5′-ATAATAGAGCTTCAAGCAAG-3′) (CpG motifs and inverted non-CpG motifs are underlined) (12) . ODNs were phosphorothioated throughout their sequences to increase their resistance to nuclease degradation.
Stimulation of T cells. Spleen cell samples from 5B6 transgenic mice were enriched for CD4 + T cells by negative selection using CD4 T cell enrichment columns (Cytovax, Edmonton, Alberta, Canada) according to the manufacturer's protocol. Spleen cells (4 × 10 5 /well) or CD4-enriched T cell samples (1 × 10 5 cells/well) together with irradiated (5,000 rad) splenocytes (5 × 10 5 /well) from nontransgenic littermates were cultured in triplicates in 96-well plates in RPMI 1640 medium (BioWhittaker, Walkersville, Maryland, USA) supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 10 mM HEPES, and 2 mM mercaptoethanaol (RPMI complete) in the presence of different concentrations of synthetic PLP139-151 or control peptide PLP178-191 and were incubated for 4 days at 37°C. Proliferation of responding cells was determined by incorporated thymidine after the addition of 1 µCi of [ 3 H]thymidine to each well during the last 12 hours of culture.
DAS cells (I-A s -transfected fibroblasts, expressing B7.1; provided by S. Miller, Northwestern University, Evanston, Illinois, USA) were pulsed with 10 µg/ml PLP139-151 for 2 hours at 37°C and were used as APCs to stimulate CD4-enriched T cell samples (4 × 10 5 cells/well) from 5B6 transgenic mice for 72 hours. Proliferation of T cells was subsequently determined as described above.
For examination of the efficiency with which APCs stimulate T cells, T cell samples from 5B6 transgenic SJL mice enriched for CD3 + cells (CD3 columns; R&D Systems, Minneapolis, Minnesota, USA) (2 × 10 5 cells/well) were cultured with titrated numbers of irradiated (3,300 rad) spleen cells from nontransgenic SJL or B10.S mice (0 × 10 5 to 5 × 10 5 cells/well) in the presence of PLP139-151 (10 µg/ml) for 72 hours. T cell proliferation was assessed as described above.
Stimulation of APCs with CpG ODN. For stimulation of APCs with CpG ODN, spleen cells (4 × 10 5 /well) from nontransgenic B10.S mice were cultured in triplicate with 1.5 µM CpG or non-CpG ODN for 48 hours, washed and stained with antibodies against indicated surface molecules.
ELISA. The concentration of cytokines was determined in culture supernatants of spleen cells or CD4-enriched T cell samples in presence of irradiated splenocytes from nontransgenic littermate mice following antigen stimulation. Supernatants of these cultures were assayed for cytokine production after 40 hours by quantitative capture ELISA according to the manufacturers' guidelines. Assays were developed with TMB Microwell Peroxidase Substrate (Kirkegaard and Perry Laboratories, Gaithersburg, Maryland, USA) and were "read" at 450 nm.
In vitro generation of APCs. Bone marrow-derived (BM-derived) APCs were prepared according to the protocol of Lutz et al. (13) . Briefly, BM cells from B10.S or SJL mice were cultured for 10-13 days in RPMI complete medium supplemented with 20 ng/ml recombinant murine GM-CSF (rmGM-CSF; PeproTech, Rocky Hill, New Jersey, USA). The medium was replaced every 3 days, and at the end of culture, adherent cells were detached using trypsin-EDTA (Invitrogen, Carlsbad, California, USA). The cells were subsequently washed in PBS and analyzed by flow cytometry.
Immunizations and assessment of EAE. 5B6 TCR transgenic B10.S mice were injected subcutaneously with CpG ODN 1760 or nonCpG ODN 1908 (10 nmol each) in the presence of PLP139-151 (25 µg) emulsified in an equal volume of incomplete Freund's adjuvant (IFA) (Sigma-Aldrich) or with CpG ODN 1760 (10 nmol) in IFA alone. Mice that were immunized with CpG ODN only were readministered CpG ODN 1760 (10 nmol) in PBS by intraperitoneal injection 29 days later. LPS (from Escherichia coli 055:B5; 50 µg) or rmIL-12 (300 ng; Genetics Institute/Wyeth, Cambridge, Massachusetts, USA) in PBS was injected intraperitoneally into mice once or every other day in 11 administrations. Pertussis toxin (PTX) (75 ng; List Biological Laboratories, Campbell, California, USA) was administered intravenously on days 0 and 2. Mice were monitored and assigned grades for clinical signs of EAE for at least 44 days (70 days for CpG ODN group) using the following scoring system: 0, healthy; 1, limp tail; 2, impaired righting reflex or waddled gait; 3, hind limb paralysis; 4, total limb paralysis; 5, moribund.
Results

Low incidence of spontaneous EAE in 5B6 transgenic B10.S mice.
The 5B6 TCR was derived from an encephalitogenic CD4 + T cell clone generated from lymph node cells of an SJL mouse immunized with PLP139-151 (14) . Mice transgenic for the 5B6 TCR were generated on the FVB background, backcrossed onto the EAE-susceptible SJL and EAE-resistant B10.S backgrounds and were monitored routinely for the development of spontaneous EAE. The incidence of spontaneous EAE was strikingly different in the two strains studied. While a mean of 40% 5B6 transgenic mice on the SJL strain developed spontaneous EAE, only 4% transgenic mice on the B10.S background developed disease when monitored over the same backcross generations and time period ( Table 1 ). The 5B6 transgenic B10.S mice that did develop spontaneous EAE showed mild signs of clinical disease with a mean disease severity of 1.3 (data not shown). The significantly lower incidence of spontaneous EAE in transgenic B10.S mice could not be explained by exposure to different environmental antigen, as the SJL and B10.S colonies were housed under identical conditions in the same room of our animal facility, which is maintained under sterile SPF conditions. Taken together, these results show that in contrast to 5B6 transgenic SJL mice, B10.S transgenic mice were relatively resistant to development of spontaneous EAE, as overall only a small percentage of transgenic mice developed mild clinical signs of EAE spontaneously.
T cell development in 5B6 transgenic B10.S mice. To determine whether the relative resistance to spontaneous EAE observed in the 5B6 transgenic B10.S mice could be attributed to the deletion of autoreactive T cells either in the thymus or periphery, we examined the T cell populations in these mice by flow cytometry. Thymocytes from 5B6 transgenic B10.S mice were skewed toward the singlepositive CD4 population at the expense of CD8 + T cells ( Figure 1A) . A pronounced skewing toward the CD4 + T cell population was expected, as the transgenic TCR genes were isolated from a MHC class II-restricted CD4 + T cell clone. Consistent with earlier results with TCR transgenic systems (15) , this pattern is a strong indication that the transgenic T cells were positively selected. Essentially more than 95% CD4 + splenic T cells expressed the transgene-encoded TCR Vβ6 chain in 5B6 transgenic B10.S mice ( Figure 1B) . The transgenic TCR Vβ6 chain on CD4 + splenocytes was expressed at a physiological level, as the expression level of endogenous Vβ6 in nontransgenic littermates was very similar ( Figure 1B) . The total number of peripheral T cells in 5B6 transgenic mice was similar to that of nontransgenic controls (approximately 38 × 10 6 vs. 34 × 10 6 cells), indicating that there was no gross deletion of self-reactive T cells in the 5B6 transgenic B10.S mice.
Allelic exclusion of the TCRα chain is less tightly controlled than that of the TCRβ chain, resulting in the expression of nontransgenic TCRα chains paired with transgenic TCRβ chains. We could not directly examine the extent of endogenous TCR Vα expression in the 5B6 transgenic B10.S mice due to the lack of a specific antibody. However, we assessed the percentage of CD4 + T cells in peripheral blood expressing nontransgenic TCR Vα chains by staining with available antibodies against TCR Vα 2, Vα 3.2, Vα 8, and Vα 11. Assuming that there was no preferential pairing of 5B6 transgenic TCRβ chains with a nontransgenic TCRα chains, we estimated that 90% of peripheral CD4 + T cells in B10.S mice bear the transgenic TCR complex (data not shown). To further substantiate the finding that the majority of CD4 + T cells expressed the transgenic TCR and to conclusively determine whether the transgenic T cells were efficiently selected on the autoimmuneresistant B10.S background, we examined T cell populations in thymi and spleens of 5B6 transgenic B10.S mice that were deficient in RAG-2. In thymi of 5B6 transgenic RAG-2 -/-mice, which expressed the transgenic TCR exclusively, T cells were not deleted but were efficiently selected to the CD4 + compartment ( Figure 1A) . The efficient positive selection by the transgenic TCR seen in the thymus was reflected in the periphery, where 80% of splenocytes were CD4 + and expressed the transgenic 5B6 TCR. The absolute numbers of CD4 + Vβ6 + T cells in RAG-2 -/-transgenic mice and normal transgenic mice were comparable, confirming the above estimations that expression of endogenous TCRs in the transgenic B10.S mice was minor ( Figure 1B) .
In summary, the transgenic 5B6 TCR-expressing T cells were not deleted but were efficiently selected on the autoimmune-resistant B10.S background. Thus, neither central nor peripheral deletion of transgenic T cells was the mechanism responsible for resistance to spontaneous EAE in these mice.
T cells from 5B6 transgenic B10.S mice are not anergic but respond to PLP139-151. To determine whether T cells from 5B6 transgenic B10.S mice responded as efficiently as T cells isolated from 5B6 transgenic SJL mice, we stimulated T cells purified from spleen cells of the transgenic mice with PLP139-151 presented by DAS cells (I-A s -transfected fibroblasts) as artificial APCs. T cells from both 5B6 transgenic SJL and B10.S mice showed a strong and comparable proliferative response to PLP139-151 (Figure 2A ). These data demonstrate that T cells from 5B6 transgenic SJL and B10.S mice have a comparable capacity to proliferate in response to PLP139-151 presented by neutral APCs. We next asked whether T cells from 5B6 transgenic B10.S mice were functional when stimulated by antigen presented by syngeneic APCs. Thus, we determined the proliferative and cytokine responses of CD4 + T cells from 5B6 transgenic B10.S mice after stimulation by PLP139-151 in vitro. Splenocyte samples enriched for CD4 + T cells from unimmunized 5B6 transgenic B10.S mice proliferated vigorously when stimulated with PLP139-151 presented by syngeneic nontransgenic splenocytes as APCs ( Figure 2B ). This response was highly antigen specific, since the T cells failed to proliferate to the control I-A s binding peptide PLP178-191. In contrast, PLP139-151-specific proliferation was not detected in CD4 + T cells isolated from naive nontransgenic littermates ( Figure 2B ). In comparison with B10.S T cells, CD4-enriched T cell samples from 5B6 transgenic SJL mice demonstrated a similar proliferative response following antigen stimulation ( Figure 2B ). To determine whether immune deviation to an anti-inflammatory cytokine profile could explain the relative tolerance to spontaneous EAE in the 5B6 transgenic B10.S mice, we examined the cytokine response of transgenic T cells following stimulation with PLP139-151 in vitro. Supernatants of PLP139-151-stimulated CD4 + -enriched T cell cultures were assayed for secretion of IL-2, IL-4, IL-10, TNF-α, and IFN-γ by ELISA. We consistently found that 5B6 transgenic CD4 + T cells stimulated with PLP139-151 produced IL-2 in significant amounts, in contrast to T cells from nontransgenic littermates ( Figure 2C and data not shown). The amounts of IL-2 detected in the culture supernatants of CD4 + T cells from 5B6 transgenic SJL mice were generally lower than those in cultures from transgenic B10.S mice. The amounts of IL-4, IL-10, INF-γ, and TNF-α were generally below the detection limit in supernatants from both the transgenic and negative littermate cultures, indicating that T cells from 5B6 transgenic B10.S mice had a naive phenotype. Because we did not detect INF-γ in culture supernatants of purified CD4 T cells from 5B6 transgenic B10.S and SJL mice, we examined the production of this cytokine by whole spleen cells after stimulation with PLP139-151. Significant and comparable amounts of INF-γ production in PLP139-151-stimulated spleen cell cultures of 5B6 B10.S or SJL mice were observed ( Figure 2D ). This observation indicates that spleen cells from 5B6 transgenic B10.S mice can mount antigen-specific INF-γ responses. Since purified transgenic CD4 + T cells did not produce INF-γ upon antigen-specific stimulation, the production of INF-γ in spleen cell cultures suggests that this cytokine is produced by an alternative source such as APCs, CD8 T cells, or NK cells. Taken together, these data demonstrate that T cells from 5B6 transgenic B10.S mice were not anergic but were highly responsive to PLP139-151 presented by either artificial or syngeneic APCs and showed antigen-specific responses comparable to those of T cells from 5B6 transgenic SJL mice.
APCs in B10.S mice show a lower basal state of activation and stimulate PLP-specific T cells less efficiently than do SJL APCs.
Based on our findings above, we concluded that the relative resistance to spontaneous EAE in the 5B6 transgenic B10.S mice could not be explained as being due to thymic deletion or peripheral tolerance of transgenic T cells. To determine whether the failure of 5B6 transgenic T cells in B10.S mice to mediate spontaneous EAE was due to a defect in APCs, we examined the activation/maturation state and responsiveness of APCs in wild-type B10.S mice.
One of the hallmarks of activation and maturation of APCs such as dendritic cells (DCs) is upregulation of MHC class II and costimulatory molecules (16) . Thus, we examined the activation/maturation state of APCs in wild-type B10.S mice by determining the expression level of I-A s on subsets of APCs, as defined by CD19 + (B cells), CD11b + , CD11c + (DCs), and F4/80 + (macrophages). The activation/maturation state of APCs from B10.S mice was compared with that of APCs from EAE-susceptible SJL mice. As expected in unimmunized mice, the examined subsets of APCs expressed low to moderate surface levels of MHC class II. Within each APC subset, the number of MHC class II + cells was lower in B10.S than in SJL wild-type mice ( Figure 3A) . Furthermore, APCs from B10.S mice consistently expressed lower levels of MHC class II than did those from SJL mice, as determined by the mean fluorescence intensity (Figure 3 , B and C). We also examined the activation state of BM-derived APCs by culturing BM from wild-type SJL and B10.S mice with GM-CSF and assessing surface expression of MHC class II on CD11b + , CD11c + , or F4/80 + cells. The generation of APCs in vitro yielded lower numbers of MHC class II-expressing APC subsets from B10.S BM than from SJL BM ( Figure 3D ). In agreement with the data from ex vivo APCs, the activation/maturation state, as assessed by MHC class II expression, of BM-derived CD11b + , CD11c + and F4/80 + APCs from B10.S mice was lower than that of APCs from SJL mice ( Figure 3E) .
To determine the functional significance of the low activation/maturation state of APCs from B10.S mice compared with SJL APCs, we examined their ability to stimulate 5B6 transgenic T cells in proliferation assays. Purified T cells from 5B6 transgenic SJL mice were stimulated with irradiated spleen cells as APCs from nontransgenic SJL or B10.S mice in presence of PLP139-151. APCs from B10.S mice were less efficient in stimulating 5B6 transgenic T cells to proliferate than were APCs from SJL mice at constant concentrations of PLP139-151 ( Figure 3F ). This difference in T cell-activating capacity between the APCs from the two strains was seen at different APC/T cell ratios, indicating that it was APC dependent. However, it was not dependent on the source of the transgenic T cells, as similar results were obtained in proliferation assays using T cells from 5B6 transgenic B10.S mice (data not shown). These data indicate that antigen-pulsed APCs from B10.S mice are less efficient in inducing T cell proliferation than are APCs from SJL mice. In summary, splenic APCs from wild-type B10.S mice show lower activation/maturation states and induce a lower proliferative response in 5B6 transgenic T cells than do wild-type SJL APCs.
APCs from B10.S mice are activated by CpG ODNs. It has recently been shown that synthetic ODNs that contain unmethylated CpG motifs (CpG ODNs) trigger activation and maturation of murine APCs such as dendritic cells, macrophages, and B cells through the Toll-like receptor TLR9 (17) (18) (19) . To exclude the possibility that APCs from B10.S mice have a general defect in activation, we determined whether they could be activated in vitro by sequence-specific CpG ODNs. CpG ODN induced upregulation of MHC class II and CD86 on CD19 + , CD11b + , and CD11c + subsets of spleen cells from B10.S mice and expanded the examined APC subsets compared with stimulation with non-CpG ODN (Figure 4) . Taken together, these data demonstrate that CpG ODNs can expand and activate B10.S APC populations in vitro, as determined by upregulation of MHC class II and the costimulatory molecule CD86.
In vivo activation of APCs induces EAE in 5B6 transgenic mice on the resistant B10.S background.
To examine the role of APCs in EAE, we next asked whether CpG ODN-mediated activation of APCs could break self tolerance and induce EAE in the 5B6 transgenic B10.S mice. Administration of CpG ODN alone, which activates APCs through TLR9 (19) , was sufficient to break T cell tolerance and induce EAE in 33% of 5B6 transgenic B10.S mice (Table 2) . However, administration of CpG ODN in presence of low amounts of PLP139-151/IFA induced severe EAE in the majority of 5B6 transgenic B10.S mice (75%). In striking contrast, when non-CpG ODN plus PLP139-151 was administered, that is, in absence of TLR9-mediated APC activation, none of the 5B6 transgenic mice developed any clinical signs of EAE. These findings indicate that even in presence of exogenous autoantigen, activation of APCs is critical for development of autoimmune disease in this TCR transgenic model.
To determine whether abrogation of self tolerance in 5B6 transgenic B10.S mice was specific to the activation of APCs via TLR9, we examined whether systemic administration of microbial agents such as LPS and PTX also resulted in EAE in these mice. LPS activates DCs to release IL-12 by signaling through TLR4 and induces INF-γ-secreting CD4 + T cells in vivo (20, 21) . 5B6 transgenic B10.S mice injected with LPS showed a low incidence rate of 13%, resulting in an earlier onset of very mild EAE (Table 3) . None of the nontransgenic littermate control mice developed any signs of clinical EAE (data not shown). PTX, an inhibitor of Gα i proteins with diverse physiological effects such as breaching the blood-brain barrier and promoting lymphocytosis (22, 23) , has recently been shown to induce INF-γ responses in T cells in absence of IL-12 via activation of APCs (24, 25) . Administration of PTX to 5B6 transgenic B10.S mice resulted in EAE (mean peak severity, 2.6 ± 0.3) in all of the treated animals with clinical signs starting at 6 days ( Table 3 ). The PTX-induced EAE was specific for the 5B6 TCR transgenic mice, as none of the nontransgenic littermate controls showed any signs of clinical EAE. IL-12 is thought to play a crucial role in induction of INF-γ production by T cells (26) . To directly elucidate the role of IL-12 in breaking T cell tolerance in our transgenic model, we treated 5B6 transgenic B10.S mice every other day with rmIL-12 in PBS for a total of 11 administrations. Over the monitoring period of 44 days, only one IL-12-treated mouse out of six developed clinical EAE, with delayed onset compared with PTX-or LPS-induced EAE. In contrast, none of the 5B6 transgenic B10.S mice that were injected with PBS as controls developed any signs of clinical EAE (data not shown).
Taken together, our results indicate that in vivo activation of APCs via the innate immune receptor TLR9 could break self tolerance and induce EAE in the 5B6 transgenic B10.S mice. Activation of APCs via TLR4 or administration of IL-12 to induce INF-γ production by T cells was less effective in inducing EAE in these mice than was TLR9-mediated APC activation. In contrast, PTX, which has pleiotropic effects on the immune system inducing APC activation, was more effective in mediating EAE in 5B6 transgenic B10.S mice than was CpG ODN.
Discussion
In this study we have examined mechanisms of tolerance to the development of spontaneous EAE in EAE-resistant B10.S mice that are transgenic for a PLP139-151-specific TCR. We have shown that despite large numbers of myelin-specific T cells, they fail to mediate spontaneous EAE in the majority of 5B6 transgenic B10.S mice in contrast to 5B6 transgenic mice on the EAE-susceptible SJL background. Several mechanisms of T cell tolerance in the thymus or periphery that could account for the low incidence of spontaneous EAE in transgenic B10.S mice were considered. Failure of positive selection or clonal deletion of transgenic T cells was not apparent, as mature CD4 + T cells were efficiently selected and at least 90% of these cells expressed the transgene-specific 5B6 TCR α/β chain in the periphery (Figure 1 ). CD4-enriched T cell samples from transgenic B10.S mice were not anergic, as they proliferated and secreted IL-2 in a dose-dependent response to PLP139-151 and comparably to CD4 + T cells from 5B6 transgenic SJL mice. Although CD4 + T cells from 5B6 transgenic B10.S and SJL mice did not produce detectable amounts of INF-γ, whole spleen cell cultures showed substantial and comparable amounts of INF-γ following antigen stimulation. These findings indicate that splenic APCs are essential for induction of INF-γ production by T cells or, alternatively, that the INF-γ detected in whole spleen cell cultures is not T cell derived but is produced by other cell types such as APCs, CD8 + T cells, or NK cells. When antigen was presented by artificial APCs (DAS cells) in vitro, T cells from both 5B6 transgenic SJL and B10.S mice showed a comparable antigen-specific proliferative response (Figure 2) . Thus, on both the susceptible SJL background and the resistant B10.S background, the T cells are fully capable of responding to PLP139-151 in a comparable fashion.
Transfer of CD4 + CD25 + -depleted spleen cell samples into nude mice has been shown to induce a variety of autoimmune diseases, indicating a regulatory role of CD4 + CD25 + T cells in preventing autoimmunity. The number of CD4 + CD25 + regulatory T cells is a critical parameter of the degree of suppression of autoimmunity by these cells (27) . To examine regulatory T cells in the 5B6 transgenic mice, we determined the number of CD4 + CD25 + T cells in spleens of 5B6 transgenic SJL and B10.S mice by flow cytometry. Our analysis in the 5B6 transgenic mice revealed a generally lower number of CD25 + cells in the CD4 + T cell population than the expected 10% in nontransgenic littermates, which is consistent with other TCR transgenic models (7) . However, we failed to find significant differences in the number of CD4 + T cells that coexpressed the CD25 marker between 5B6 transgenic SJL and B10.S mice (data not shown).
We demonstrated that APC subsets from the EAE-resistant B10.S strain had lower basal levels of activation/maturation than did APCs from the autoimmune-susceptible SJL strain. Consistent with this finding, PLP-specific T cells proliferated less when stimulated with PLP139-151 presented by splenic APCs from B10.S mice than with PLP139-151 presented by SJL spleen cells ( Figure  3 ). These data indicate that genetic variations in the activation/maturation and function of APCs contribute to EAE susceptibility/resistance. As the 5B6 transgenic SJL and B10.S mice are congenic for the MHC locus, it is likely that the observed difference in MHC expression is a consequence of differential activation of APCs in the two strains due to differences in non-MHC genes. In this context, it is interesting to note that linkage analysis of susceptibility to EAE in SJL and B10.S mice has revealed susceptibility loci on mouse chromosomes 3 and 8, which also contain the genes encoding TLR2 and TLR3, respectively (9, 28) . While TLR2 detects Gram-positive bacteria (29) , TLR3 has been implicated in the recognition of double-stranded RNA of viruses (30, 31) . It remains to be determined whether these receptors of the innate immune system are involved in genetic susceptibility/resistance to EAE. However, we have demonstrated directly that APC subsets from B10.S mice can be activated and expanded by CpG ODN, which is consistent with findings in other systems (17) . Cellular responses to CpG ODNs are signaled through the Toll-like receptor TLR9 (19) (Figure 4) . In vivo administration of CpG but not non-CpG ODN induced EAE in the 5B6 transgenic B10.S mice, demonstrating that peripheral T cell tolerance can be broken by activation of APCs through the innate immune receptor TLR9 ( Table 2 ). The average day of EAE onset was notably delayed compared with the induction mediated by active immunization protocols using complete Freund's adjuvant and PTX in nontransgenic SJL mice (11) . This delay in disease onset may reflect the time that is required in vivo for CpG ODN-mediated maturation of APCs and subsequent differentiation of naive transgenic T cells to effector cells. Nevertheless, activation of APCs was critical for the induction of EAE, as none of the transgenic mice that were injected with non-CpG ODN developed disease. TLR4-mediated activation of APCs by LPS administration was able to induce a lower incidence of and less-severe EAE in fewer 5B6 transgenic B10.S mice compared with induction with CpG ODN. As both microbial reagents are known to elicit strong IL-12 responses by APCs, we determined whether direct administration of rmIL-12 could induce EAE in 5B6 transgenic B10.S mice. The incidence of EAE by IL-12 injections was lower than that of TLR9-mediated EAE induction, but the onset of disease was similar and substantially delayed in both cases. PTX, a microbial agent signaling through as-yet-unidentified receptors, has pleiotropic effects on the immune system, one of which is T cell stimulation via activation of APCs in the absence of IL-12 (24, 25) . Administration of PTX was most effective in inducing EAE in 5B6 transgenic B10.S mice, with an earlier onset of disease compared with that of CpGinduced EAE. The reasons for the higher incidence and faster onset of EAE by PTX in comparison with CpG administration are not clear but are likely to be the consequence of the diverse biological effects of PTX's acting as an adjuvant in promoting Th differentiation and transendothelial migration of T cells across the bloodbrain barrier (35, 36) . As PTX has been reported to stimulate T cells in absence of IL-12 (24), our findings suggest that IL-12 is not essential for the induction of EAE in the 5B6 transgenic B10.S mice. This may also explain the relative low incidence of EAE observed in IL-12-treated transgenic mice. IL-23, which is produced predominantly by macrophages and DCs, has recently been reported to be essential for development of EAE in contrast to IL-12 (37) . It remains to be determined whether microbial agents such as CpG ODN, LPS, or PTX induce IL-23 production in B10.Sderived APCs and thereby promote development of T cell-mediated autoimmune disease.
In summary, we have found that the low incidence of spontaneous EAE in the 5B6 transgenic mice on the B10.S background is not due to a T cell-specific defect but is likely to be controlled by factors that result in activation of APCs. In the presence of activated APCs, self-reactive T cells may differentiate into effector cells and eventually mediate EAE, as we observed in 5B6 transgenic SJL mice. These data suggest that infections resulting in activation of APCs through receptors of the innate immune system such as TLRs or by bacterial toxins such as PTX can tip the balance between peripheral tolerance and autoimmunity in favor of autoimmune disease. This scenario might explain the strong association between infections and relapses in patients with multiple sclerosis (38) . These data support the hypothesis that the innate immune system plays a crucial role in maintaining the balance between self tolerance and autoimmunity.
